Introduction
Adult skeletal muscle tissue possesses a tremendous capacity for regeneration in response to acute injury or chronic disease. Muscle satellite cells (MSCs), which reside beneath the basal lamina of adult skeletal muscle, have long been considered the only myogenic cells responsible for postnatal muscle growth, regeneration and repair of skeletal muscle. The activation of MSCs induces proliferation of myogenic precursor cells that differentiate to repair and replace damaged fibers. 1 We have previously isolated various populations of musclederived cells according to their adhesion characteristics and proliferation behaviors. One of these isolated populations, which we named muscle-derived stem cells (MDSCs), displayed unique characteristics that are usually associated with noncommitted progenitor cells. We have previously shown that MDSCs are capable of self-renewal in vitro while preserving a normal karyotype. 2, 3 Furthermore, MDSCs have been shown to replenish myogenic progenitors when injected into mouse dystrophic muscle and have been shown to contribute to a persistent restoration of dystrophin myofibers within transplanted muscle. 2, 3 Not only are the nuclei of MDSCs detected in the myofibers of transplanted animals, they have also been detected in the peripheral nerves and blood vessels of the MDSCinjected mouse muscle. 2, 3 Although there is still wide agreement that satellite cells represent the main source of muscle precursor cells and are required for efficient muscle regeneration, the relationship and comparative contribution of satellite cells/myoblasts and other myogenic progenitor cells (including MDSCs) is still unclear.
In an attempt to determine whether MDSCs are a cell type distinct from satellite cells, we have investigated whether MDSC-like cells can be isolated from the skeletal muscle of Pax7-deficient mice, which have previously been reported to have a reduced number of satellite cells. 4 Pax7, a paired-box transcription factor that is expressed in quiescent and newly activated satellite cells, is believed to be required for the specification of the satellite cell lineage. 4 Recent reports have demonstrated an absence of myogenic cells in the skeletal muscle of young Pax7-deficient mice. 4 These mice appear normal at birth, which suggests that embryonic and fetal myogenesis are unaffected, but subsequently die between weeks 2 and 3 from unknown causes. 4, 5 Pax3, a paralogue of Pax7, is critical for myogenesis in the developing embryo, as Pax3 mutant mice lack limb muscles. [6] [7] [8] Though there are developmentally distinct roles for Pax3 and Pax7 in muscle development, 9 ,10 a novel population of Pax3/Pax7 double-positive stem cells has been identified in the dermomyotome of the embryonic somites. 7 Together, Pax3 and Pax7 are important in myogenesis, but Pax3 expression in satellite cells is mostly downregulated before birth. Most of the function of Pax3 can be replaced by Pax7; however, Pax7 is only essential for myogenesis after birth when it is expressed by quiescent and early-activated satellite cells. 9 In this study, we attempted to further validate the idea that MDSCs are a distinct population from satellite cells by using a modified preplate technique to isolate MDSClike cells from Pax7 knockout mice. These mice carry a Pax7 knock-in of a b-galactosidase (b-gal) cassette (Pax7 lacZ/lacZ ), which causes the cells to express b-gal during times when they would normally express the Pax7 gene. 11 We found that the cells from Pax7 lacZ/lacZ muscle expressed both stem and myogenic cell markers. They were capable of differentiating into myotubes in vitro and regenerating dystrophin-positive fibers in dystrophic muscle after intramuscular implantation in vivo. Initially, 60% of the cells we isolated were LacZ-positive, with the majority of them expressing Pax3. However, not all of the Pax3-positive cells were found to colocalize with b-gal (for example, cells that would normally express Pax7). Furthermore, when the cells were continuously replated through 50 passages, the number of LacZ-positive cells significantly decreased (o1%), and we found that the LacZ-negative cells were unable to fuse in vitro or regenerate skeletal muscle fibers in vivo, but expressed high levels of stem cell markers. Interestingly, when the LacZ-negative cells were genetically engineered to express Pax7, they were able to undergo myogenic lineage differentiation in vitro and in vivo. These results suggest that we were able to isolate two heterogeneous populations of cells from the skeletal muscle of Pax7 lacZ/lacZ mice-one population (LacZ-positive) that was capable of undergoing myogenic differentiation without Pax7, and the other (LacZ-negative) requiring Pax7 to achieve their myogenic potential.
Results

Myogenic cells can be isolated from Pax7-deficient skeletal muscle
Using a modified preplate technique, we have previously isolated various populations of muscle-derived cells from wild-type skeletal muscle according to their adhesion characteristics and proliferation behaviors. 3 Our laboratory, as well as others, have shown that the slowly adhering cells (SACs) appear to be less committed to the myogenic lineage than fast-adhering cells. 3, [12] [13] [14] [15] Following a preplate technique, only fast-adhering populations were obtained from Pax7 lacZ/lacZ mice. Furthermore, MDSC-like cells, which usually appear in the slowly adhering population in wild-type animals, appeared in our earlier preplate fractions from Pax7 lacZ/lacZ mice. This heterogeneous Pax7-negative population contained a mixture of cells with a spindle and round shape that exhibited the ability to differentiate into myotubes (Figures 1a and b) . To confirm that the cells were indeed Pax7 deficient, we performed genomic PCR from the samples after isolation (Figure 1c) . Furthermore, these cells expressed the late-myogenic marker desmin and stem cell markers Sca-1 and CD34 and did not express the hematopoietic stem cell marker CD45 ( Figure  1d ). To enrich the population of these myogenic progenitor cells, the cells were replated for 5 days, as described in Figure 1e . This replate technique further separates the cells by their adhesion characteristics following a brief trypsin treatment, which usually eliminates most of the contaminating fibroblasts (asmooth muscle actin-positive cells) (Figure 1e ). In order to characterize the phenotype of the replated derived SACs, the expression of various myogenic and stem cell markers were investigated (Figure 1f ). In the purified SAC culture, 85% of the cells expressed desmin, whereas 26% were positive for CD34 and 59% expressed Sca-1, and all the cells were negative for CD45 (Figure 1f) . We further characterized the enriched population of cells for the hematopoietic stem cell marker C-kit (not expressed), myogenic markers CD56 (65%) and M-cadherin (21%) and C-met (26%) (Figure 1f ).
The populations of myogenic cells isolated from Pax7 lacZ/lacZ mice displayed a high myogenic potential in vitro and in vivo As the SACs highly expressed myogenic markers, we assessed their ability to undergo myogenic differentiation in vitro and in vivo. When the SACs were cultured in myogenic differentiation medium (Dulbecco's modified Eagle's medium (DMEM) containing 2% fetal bovine serum (FBS) for 10 days, the majority of the cells differentiated into myotubes (Figure 2a) . Immunocytochemical analysis showed that 80% of the cells expressed fast myosin heavy chain (MHC-fast) and dystrophin (latemyogenic markers commonly expressed in terminally differentiated normal muscle cells) in both multinucleated myotubes and occasionally mononucleated cells (Figures  2b and c) . In order to further explore the myogenic potential of these replated Pax7 lacZ/lacZ cells, we examined their ability to regenerate dystrophin-positive muscle fibers after intramuscular implantation in dystrophin-deficient MDX mice. Fourteen days post-implantation, many dystrophin-positive myofibers could be found within the injected muscle (Figure 2d ). This finding was not unexpected, as it has already been shown that myogenic cells could be isolated from Pax7-deficient mice. 9, 11 Pax7-deficient replated cultures contain two distinct populations of cells As the SACs were generated using a Pax7 lacZ/lacZ mouse in which the Pax7 gene was knocked out and replaced by the insertion of a b-gal gene, 11 two distinct populations of cells were observed within the SACs; LacZ-positive andnegative cells. The number of b-gal-positive cells appeared to be more prominent in earlier passages (Figure 3a) , and decreased with subsequent serial passages and replating. By passage 50, o1% of the cells were found to be LacZ-positive (Figure 3b ) and, perhaps more importantly, the myogenic fusion index of the SACs had been reduced significantly in vitro when compared to early-passage cells (Figures 3c-e ) (Po0.01, one-way analysis of variance). After the two populations of SACs (LacZ-positive and -negative cells) were intramuscularly injected into MDX mice, the early passage (LacZ-positive) cells were able to regenerate dystrophin-positive fibers (Figure 3f ), whereas the late-passage (LacZ-negative) cells showed very little, to no, regeneration (Figure 3g ). Our finding again supports the idea that two distinct populations of progenitor cells can be isolated from the The lack of myogenic potential in the LacZ-negative SACs after long-term passaging and replating suggests that they may require Pax7 to display a myogenic potential, a fact that contrasts to what was observed with the LacZ-positive cells obtained at earlier passages. In order to confirm this hypothesis, we used a retroviral vector (Figure 4a ) encoding Pax7 to transduce the LacZnegative cells to express Pax7 (Figures 4b and c) . Interestingly, we found that the transduced Pax7/LacZnegative SACs displayed a myogenic potential in vitro ( Figure 4d ). Furthermore, the late-passage SACs transduced with Pax7 were able to regenerate dystrophinexpressing muscle fibers within the skeletal muscle of MDX mice (Figure 4e ). These dystrophin-positive myofibers colocalized with Pax7-expressing cells (Figures 4f  and g ). When we quantified the number of dystrophinpositive myofibers for the total muscle fibers per section, we found that both the early-and late-passage cells transduced with Pax7 had similar regeneration indices. When 4 Â 10 5 cells were injected intramuscularly, the lacZ/lacZ mice were desmin-positive, expressed the stem cell markers CD34 and Sca-1, and were negative for the leukocytecommon antigen CD45. (e) A schematic showing the replate technique used to generate the replated population of cells (SACs). In order to purify the small round cells and eliminate fibroblasts, the Pax7 lacZ/lacZ muscle-derived cells were trypsinized and plated on the collagen-coated flask. When cells could be seen adhering to the surface of the flask, the supernatant was transferred to a new flask. The majority of the fibroblasts (a-smooth muscle actin (SMA)-positive, (e)) and differentiated cells attached to the flask in the first 10-30 min. The following day, the replated cells were trypsinized, and the same procedure was repeated. After 5 days, purified populations were obtained and cultured in proliferation medium. To visualize the decrease in fibroblasts both populations were stained for smooth muscle actin (red). (f) The percentage of SACs that were myogenic and stem cell markers were determined by immunostaining and fluorescence-activated cell sorting (FACS) analysis. Role of Pax7 in skeletal muscle progenitor cells A Lu et al early-passage cells (passages 11-15) generated an average of 482 dystrophin-positive myofibers in sections containing an average total of 4868 myofibers. This works out to a regeneration index (RI ¼ average no. of dystrophin-positive myofibers per 1 Â 10 5 cells injected) of 120.5. The late-passage cells (passages 48-52) generated no dystrophin-positive myofibers; however, following Pax7 transduction, these late-passage cells generated on average 887 dystrophin-positive myofibers per 5384 fibers total per section that is an RI of 177.4. While exploring the myogenic potential of the early-passage SACs in vivo we noticed that some of the dystrophinpositive fibers were large, whereas others were quite small. We posit that this is because the early-passage SACs either fuse together creating primarily small fibers or fuse with host muscle fibers creating the large myofibers. As seen in Figure 4e most of the dystrophinpositive fibers formed from the passage 58 SACs transduced with Pax7 were relatively small; hence they were apparently more likely to fuse together rather then fusing with the host myofibers.
Role of
The role of Pax3 as a compensatory mechanism for the lack of Pax7
As we know that Pax3, another myogenic transcription factor, is capable of compensating for the lack of Pax7, 9 we characterized the expression of Pax3 in our SACs. We found that the myogenic cells isolated from the muscle of the Pax7 lacZ/lacZ mice were, indeed, Pax3-positive (between 60 and 70%) (data not shown). However, after testing the expression of Pax3 in the Pax7 lacZ/lacZ knockout cells, we observed that b-gal expression did not always colocalize with Pax3-positive cells (data not shown) and, surprisingly, there was no difference between the early-and late-passage SACs in terms of Pax3 expression (data not shown). Although we can not exclude the fact that Pax3 acts, at least in part, as a compensatory mechanism for the myogenic commitment of LacZ-positive muscle precursor cells isolated from the Pax7 lacZ/lacZ mice, this is not the case for the long-term passaged, replated LacZ-negative cells. Indeed, while those later cells expressed Pax3, Pax7 was still required to restore their myogenic commitment.
Molecular characterization of Pax7
lacZ/lacZ SACs (early and late passages and Pax7 transduced)
We screened the SACs at early and late passages as well as post-Pax7 transduction for the expression of various endothelial, myogenic and stem cell markers. We performed reverse tanscription (RT)-PCR analysis on cells that were at passages 15, 52 and 57 (post-Pax7 transduction). The endothelial cell marker CD144, the myogenic factors MyoD and desmin and LacZ, decreased with serial passaging; whereas the endothelial marker CD31, the stem cell markers CD34 and Sca-1 as well as Pax3 remained relatively constant (Figure 5a ). On Figure 5b .
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Discussion
Extensive progress has been made, in the last few years, on the identification and isolation of stem and progenitor cells from adult tissues. Although somatic stem cells have been isolated from various tissues including bone marrow, 16 hair follicles, 17 adipose tissue 18 and skeletal muscle, 3 19 ). In an earlier study, Sca-1-positive/M-cadherin-negative and Sca-1-negative/Mcadherin-positive cells were detected within the basal lamina of muscle fibers that may be representative of MDSC and satellite cell populations, respectively. 3 These results indicate that the MDSCs (Pax7-, MyoD-and desmin-negative; and CD34 and Sca-1-positive) were representative of a distinct population from satellite cells (Pax7-, MyoD-, desmin and CD34-positive; and Sca-1-negative). In support of this contention, we have observed that the vast majority of the Sca-1-positive cells within skeletal muscle were found to reside outside of the muscle fibers-again suggesting that MDSCs are different from satellite cells. In this paper, the relationship between MDSCs and satellite cells was investigated further by determining whether MDSCs could be isolated from the skeletal muscle of Pax7-deficient mice, which reportedly have a minimal satellite cell count. 4 Using a modified preplate/replate technique, we isolated two populations of myogenic progenitor cells; one population which was rapidly adhering and displayed a high myogenic index in vitro and in vivo, and a second population that consisted of late-passage slow-adhering cells (SACs) that displayed a low myogenic index. These early-passage cells appeared to be more committed to the myogenic lineage based on their high expression levels of myogenic markers and low levels of the stem cell markers Sca-1 and CD34 when compared to the longterm passage cells. Furthermore, Pax7 gene transfer restored the myogenic potential of the long-term passage cells that originally displayed a low myogenic potential. On the basis of the findings described above, neither the myogenic potential nor the ability of a cell to undergo long-term expansion was dependent on Pax3, as both cell populations expressed similar levels. Hence, we believe that the rapidly adhering cells isolated from early passages display satellite cell-like behaviors, whereas the SACs isolated from later passages appear to be MDSC-like cells.
The preplate technique, which is used to isolate cells according to variations in adhesion ability among different cell populations, [12] [13] [14] [15] 20, 21 , showed different , and possessed a high myogenic potential both in vitro and in vivo, but could not undergo long-term self-renewal. Conversely, the LacZ-negative population, which possessed the ability to undergo long-term expansion, was highly positive for the stem cell markers CD34 (74.7%) and Sca-1 (98%; 74.5% Sca-1/CD34 doublepositive) and could not undergo myogenic differentiation in vitro and in vivo unless transduced with a retrovirus to express Pax7. These two populations may be representative of a satellite cell-like population (LacZ-positive), and an MDSC (muscle-derived stem cell)-like cell population (LacZ-negative) within the Pax7 lacZ/lacZ skeletal muscle.
Role of Pax7 in skeletal muscle progenitor cells A Lu et al patterns of cell adhesion between wild-type and Pax7-negative mouse skeletal muscle. Preplate isolations of skeletal muscle from wild-type mice can typically be performed over a period of 6 days, whereas the Pax7 lacZ/ lacZ muscle isolations could not be continued after day 3. Marker analyses revealed that the rapidly adhering Pax7 lacZ/lacZ skeletal muscle cell population purified by this technique exhibited markers of both MDSCs and satellite cells. These cells were highly myogenic in nature, expressed desmin and CD56 at levels greater than 80%, and expressed M-cadherin levels at 21%. This profile could indicate the existence of dormant and/or activated satellite-like cells within the rapidly adhering cells. 22, 23 Moreover, flow cytometry revealed the presence of CD34-and Sca-1-positive cells (59 and 26%, respectively), which were CD45-and C-kit-negative, indicating a proportion of cells within this population that exhibited markers associated with MDSCs. 24 When cultured in vitro, these cells readily fused and formed myotubes. More importantly, this mixed population of cells efficiently engrafted within the skeletal muscle of MDX mice and displayed an RI of several hundred myofibers, where RI is measured as the number of dystrophinpositive myofibers per 100 000 injected cells, a fact that further substantiates the high myogenic potential of these cells.
Pax7 lacZ/lacZ mice have a reduced, although not entirely absent, myogenic satellite cell compartment, which could explain why the cells isolated by the preplate technique displayed a different pattern of adherence between wildtype and Pax7 lacZ/lacZ mice, as the satellite cells greatly decline in number during postnatal development. 11, 25 This reduction in satellite cell numbers could explain why the preplate technique was only able to achieve three preplate populations with a reduced number of total adherent cells compared to that obtained from wildtype animal isolations. It is likely that the presence of fewer satellite cells (which usually adhere in preplates 1-4) creates an environment in which the stem cells are less crowded, providing them with a greater ability to adhere at an earlier preplate stage. The rapid proliferation and terminal differentiation observed in the cells isolated from the Pax7 lacZ/lacZ mouse skeletal muscle may be due to the elimination of the embryonic Pax7 compensation mechanism. Furthermore, the normal self-renewal capacity of the cells may be impeded due to a lack of proper feedback in this pathway. Normally, Pax7 is upregulated in satellite cells that escape differentiation and exit the cell cycle. This upregulation actually downregulates the myogenic factor MyoD, which prevents myogenic induction, and hence impedes terminal differentiation of the myogenic progenitor cells. 26 These previous findings implicate Pax7 in satellite cell self-renewal, which acts by impeding terminal differentiation, 11, [25] [26] [27] and potentially explains why we observe rapid proliferation and terminal differentiation of the satellite celllike population that we isolated from the Pax7 lacZ/lacZ mice. As these cells do not properly express Pax7, MyoD does not get downregulated, and the satellite cell-like population becomes lost to terminal differentiation.
Pax7 has been previously shown to be involved in somite development. 28 The proper patterning of somites is essential to give rise to sclerotome, dermomyotome and myotome, and involves the coordination of many different cellular processes, including lineage specification, cell proliferation, cell death and differentiation by intercellular signals. 28, 29 By disrupting production of the native Pax7 in these mice, the ability of somatic stem cells may be impaired as well. Pax7's paralogous protein family member, Pax3, has reportedly been able to compensate for the loss of Pax7. 9, 11 To test the potential involvement of the Pax3 gene in maintaining the myogenic and long-term proliferating potential of our cells, we analyzed skeletal muscle cells isolated from both wild-type and Pax7 lacZ/lacZ mice. We observed no appreciable difference among the specimens studied, nor were there any in situ differences in Pax3 expression among the isolates. Furthermore, based on the results presented above, no discernable differences between either population of the SACs was observed; the population that was myogenic but incapable of longterm passaging displayed similar levels of Pax3 expression to the cells that were less myogenic (a property that was restored following Pax7 transduction) but capable of sustained proliferation. This observation does not exclude Pax3 involvement with normal muscle regeneration and maintenance, but does suggest that there is not a completely overlapping compensatory function between Pax7 and Pax3 in terms of myogenic capacity and selfrenewal of MDSCs and satellite cells.
The initial goal of this project was to determine whether MDSCs are distinct from MSCs. This question could not be fully elucidated by this study, though we were able to isolate two populations of myogenic progenitor cells from Pax7 lacZ/lacZ mice using a modified preplate/replate technique, the relationship between these two cell populations must be further investigated. One cell population was highly myogenic and displayed a marker profile similar to satellite cells (early-passage rapidly adhering cells), whereas the second population (late-passage slowly adhering cells), which was not myogenic in nature, had the capacity to undergo long-term self-renewal (Figure 5b ). We posit that this second population of cells may represent the MDSCs population within the PaxÀ/À mice, as they display markers similar to early-myogenic progenitor cells, are capable of long-term self-renewal and are able to undergo myogenesis after Pax7 gene expression is reestablished. Furthermore, we found that Pax3 was not able to compensate for Pax7 in either cell population (LacZ-positive or -negative), as the b-gal-positive cells were lost to terminal differentiation over time, and the b-gal-negative cells were not able to undergo myogenic differentiation despite their expression of Pax3. More importantly, we believe that the presence of muscle cells from Pax7 lacZ/lacZ mice with different levels of myogenic potential may explain the discrepancies among previous reports in which the myogenic potential of Pax7-deficient muscle cells was debated. 4, 9, 11, 25 These discrepancies may be attributed to differences in the cellular isolation processes used in these studies. The original report that myogenic progenitor cells could not be isolated from Pax7-negative muscle 4 may have isolated a population that was similar to our LacZ-negative cells which, in our experiments, were capable of long-term proliferation, but possessed only limited myogenic potential. In addition, contradictory reports that myogenic progenitor cells could be isolated from Pax7-deficient muscle 9 may have actually been alluding to the isolated LacZ-positive cells that we
have found to be highly myogenic both in vitro and in vivo.
Materials and methods
Isolation of myogenic cells from Pax7 lacZ/lacZ mice Myogenic cell isolation was performed as previously described via the preplate technique. 30 Skeletal muscle was isolated from the limbs of Pax7 lacZ/lacZ (Pax7/Lac-z, sv129) mice 11 sacrificed at 10-14 days of age. The limbs were removed and shipped on wet ice in DMEM (Invitrogen, GIBCO BRL, Carlsbad, CA, USA), and the bones were dissected, the muscle tissue was minced and processed through a series of enzymatic dissociations: 0.2% of collagenase type XI (Sigma-Aldrich, St Louis, MO, USA) at 37 1C for 1 h, 2.4 units/ml of dispase (Invitrogen) for 45 min, and 0.1% of trypsin-EDTA (Invitrogen) for 30 min After enzymatic dissociation, the muscle cells were centrifuged and resuspended in proliferation medium (DMEM supplemented with 10% FBS, 10% horse serum (HS), 0.5% chicken embryo extract, and 1% Penicillin-streptomycin). Small, round cells, which usually appear in the slowly adhering cell (SAC) fraction during isolation from wild-type mouse muscle, were observed in the rapidly-adhering population when this technique was used to isolate cells from the Pax7 lacZ/ lacZ muscle. In order to purify the small round cells and eliminate fibroblasts and differentiated cells, a replating procedure was performed. After trypsinization, the Pax7 lacZ/lacZ muscle-derived cells were plated on a collagen-coated flask. When the rapidly-adhering cells could be seen anchoring to the surface of the flask (B30 min), the supernatant containing the SACs was transferred to a new flask. The following day, the cells were trypsinized and the procedure was repeated (Figure 1e ). After 5 days, purified populations of SACs were obtained and continuously replated for 50 serial passages. In order to determine the myogenic differentiation capacity of the cell population purified from Pax7 lacZ/lacZ muscle, the cultures were placed into differentiation medium (that is, low serum medium: DMEM supplemented with 2% FBS and 1% penicillinstreptomycin). After 10 days, the cells were stained for MHC-fast and dystrophin, which are both markers of terminal myogenic differentiation. This was followed by a 1 h incubation with the appropriate secondary antibodies:biotinylated anti-rabbit immunoglobulin G (IgG) (1:300, BA1000; Vector Laboratories, Burlingame, CA, USA), biotinylated antimouse IgG (1:300, BA9200; Vector Laboratories) and 488 donkey anti-rabbit IgG (1:500, A21206; Molecular Probes, Carlsbad, CA, USA, for C-met). Streptavidin Cy3 conjugate (1:400; Sigma-Aldrich) was added in the last step to act as the tertiary antibody. To determine the myogenic differentiation efficiency, 10 randomly chosen representative fields were evaluated at Â 200 magnification, and the percent ratio of MHC-fast-positive nuclei to the total number of nuclei were calculated.
Genotyping of
a-Smooth muscle actin staining
Cells were fixed with cold methanol for 2 min at RT, rinsed twice with PBS and blocked with 10% HS for a 1 h at RT. This was followed by a 1 h incubation with mouse anti-a-smooth muscle actin (1:500, F3777; Sigma-Aldrich) for a 1 h at RT. The nuclei were revealed by 4 0 ,6-diamidino-2-phenylindole (DAPI) staining.
Pax3 staining
Cells were fixed with 2% paraformaldehyde for 15 min at room temperature (RT), rinsed twice with PBS and permeabilized for 10 min in 2% paraformaldehyde containing 1% Triton X-100. Cells were blocked with 5% HS and then incubated with a 1:500 dilution of rabbit polyclonal anti-Pax3 (38-1081; Zymed, San Francisco, CA, USA) for 1 h. After washing thrice, cells were incubated for 30 min with Cy3-conjugated anti-rabbit IgG (1:500, C2306; Sigma-Aldrich), which acted as a secondary antibody. The nuclei were revealed by DAPI staining. All procedures were performed at RT. Negative control staining was performed by an identical procedure, with the exception that the primary antibody was omitted. Northern Eclipse software (version 6.0; EMPIX Imaging, Mississauga, ON, Canada) was used to quantify the percentage of myogenic cells as the ratio of cells that strongly expressed myogenic markers described above to the total number of nuclei in 10 randomly chosen fields at Â 200 magnification.
Fluorescence-activated cell sorting
Fluorescence-activated cell sorting (FACS, FACS Aria flow cytometer; BD, Franklin Lakes, NJ, USA) was used to analyze the expression of CD34, Sca-1 (stem cell antigen-1), CD45 and C-kit. Cultured cells were trypsinized, centrifuged, washed with PBS containing 0.5% bovine serum albumin (A2153-50G; Sigma-Aldrich) and 0.1% sodium azide (Sigma-Aldrich) and counted. The cell suspension was then divided into equal aliquots and centrifuged. The cells were placed on ice and resuspended in a 1:10 dilution of mouse serum (SigmaAldrich) in PBS that was supplemented with 1 ml of Fc block (rat anti-mouse CD16/CD32; BD Biosciences Pharmingen, San Diego, CA, USA), and the suspensions Role of Pax7 in skeletal muscle progenitor cells A Lu et al were incubated for 10 min. Fluorescein isothiocyanate-and phycoerythrin -conjugated rat anti-mouse monoclonal antibodies (CD34; Sca-1; CD45; C-kit; BD Pharmingen) were added to each tube for an additional 30 min. A separate cell portion received an equivalent amount of isotype control antibodies. Just before analysis, 7-amino-actinomycin D was added to each tube for dead cell exclusion. Live cell events were collected and analyzed.
Cell sorting
LacZ-positive cells were sorted from the early-passage SACs by FACS. Cells were sorted using the FluoReporter LacZ Flow Cytometry Kit (Invitrogen) as per the manufacturer's protocols. Following isolation the cells were cultured in normal proliferation medium and tissue culture conditions.
Cell implantation
Purified cells from Pax7 lacZ/lacZ muscle, and the LacZnegative cells genetically engineered to express Pax7, were grown in proliferation medium until the cell number was sufficient for injection. A total of 3-4 Â 10 5 viable cells was suspended in 20 ml of Hank's balanced salts solution and injected into the gastrocnemius muscle of 8-to 12-week-old MDX mice (C57BL/10ScSn DMD mdx /J) via a Hamilton syringe. Twelve to fourteen days after transplantation, the mice were sacrificed and the gastrocnemius muscles were harvested and flash frozen in liquid nitrogen-cooled 2-methylbutane. Serial cryosections of 10 mm in thickness were prepared from frozen muscle for immunohistochemical analyses.
Immunohistochemistry: dystrophin staining
Cryosections were fixed with 5% formalin and blocked with 10% HS in PBS for 1 h, then incubated with rabbit anti-dystrophin (1:1000) overnight at 4 1C. The cells were exposed to secondary Cy3-conjugated anti-rabbit IgG (1:500, C2306; Sigma-Aldrich) in PBS for 30 min.
Quantification of the number of dystrophin-positive myofibers per total muscle fiber number per crosssection Northern Eclipse software was used to perform quantitative analysis of the regenerated dystrophin-positive myofibers and total host muscle fiber number. After dystrophin staining a series of pictures were taken utilizing Northern Eclipse. Adobe Photoshop 7.0 was next used to build a composite picture, and the manual count of the dystrophin-positive myofibers was performed. Hematoxylin and eosin staining of a serial muscle section was used to count the total number of host muscle myofibers.
Pax7 staining
Sections were fixed with 4% paraformaldehyde for 5 min. After two rinses with PBS, endogenous peroxidase activity was inhibited by a 30-min incubation in 0.3% H 2 O 2 diluted with water. Staining was preformed using an ABC kit (PK 4002; Vector Laboratories). Nonspecific antigenic sites were blocked by a 30-min incubation in diluted normal HS before the sections were incubated for 1 h at RT with anti-Pax7 (1:200; Developmental Studies Hybridoma Bank). The sections were then incubated with biotinylated anti-mouse IgG for 30 min at RT. Finally, the staining was developed in diaminobenzidine (DAB) (Vector Laboratories).
Histochemistry: LacZ staining for culture
The purified cell populations from early-(P15) and latepassage (P50) were fixed in 1% glutaraldehyde and incubated overnight with 5-bromo-4-chloro-3-indolyl b-D-galactopyranoside (X-gal) substrate at RT.
Pax7 gene transduction
The Pax7-encoding retrovirus, obtained from Dr Rudnicki's laboratory, was produced according to previously described techniques. 31 The virus was generated by transient co-transfection of pHIT456 and pHAN-puro with the Pax7d isoform 31 into GP293 cells (Clontech, Mountain View, CA, USA) using the calcium phosphate method. 32 The late-passage SACs were transduced using our previously described protocol, 33 and Pax7 expression in vivo was confirmed through immunostaining (see above).
RT-PCR analysis
Total RNA was extracted from SACs using (catalogue no. 635991; Clontech). Following isolation cDNA was synthesized with SuperScriptTM II reverse transcriptase (Invitrogen), according to the manufacturer's instructions. PCR was performed with Taq polymerase (Invitrogen) as per the manufacturer's instructions for 30 cycles at 58 1C annealing temperature and PCR products were electrophoresed on 1% agarose gels. The primers used for PCR are listed in Table 1 . Each set of oligonucleotides was designed to span two different exons to avoid background amplification from genomic DNA.
Statistical analysis
All values are given as the mean and standard deviation of the mean. Means and standard deviations of the mean for the RI (Figure 3e ) were calculated and compared Role of Pax7 in skeletal muscle progenitor cells A Lu et al using a one-way analysis of variance, and differences were considered statistically significant when a P-value of o0.05 was achieved.
